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Jeonghoon Lee, 2014, A review on stable isotopic variations of a seasonal snowpack and meltwater. Journal of
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ABSTRACT: Snowmelt is the largest contributor to groundwater recharge and runoff in many high latitude and
alpine regions. Understanding the hydrological responses of snowmelt to the watersheds is crucial for water
resources managements and adaptation to climate change. Over the last half-century, stable isotopic compositions
of snowmelt have been utilized to better understand the movement of snowmelt and applied to the studies of
hydrology and paleoclimate, for instance, hydrograph separation for water resources managements and
paleoclimate reconstruction using ice cores. Recently, field and laboratory experiments have shown that the isotopic
compositions of snowmelt vary with time due to several physical processes, such as sublimation and isotopic
exchange between liquid water and ice. In this work, studies of isotopic compositions of snowmelt are reviewed
and recent studies are introduced. Future studies in Korea should include snowmelt studies for water resources
managements in spring and polar environments and climate change using stable water isotopes.

Key words: snowmelt, stable isotopes, hydrograph separation, paleoclimate reconstruction

(Jeonghoon Lee, Dept. of Science Education, Ewha Womans University, Seoul 120-750, Republic of Korea)

1. M 2 ot -20] %] o (temperate region) 2] 73, £7H o
2 W= 7eete vEA =2 Asset ] ot

2 50] REEONME ALH ZHF 714 FEHo| HY mobi B2 ¢ 55 A A (eco-sys-
ojfHo] 3= HhAgstal glow, o]t 7|4 2 7]F  tem) P $A|(watershed E4= catchment) o]l 374
Hskel Bt 4E=3HA|(hydrological cycle) o) v} &3h= EA o] QUth(Taylor et al., 2001; Feng et
T B A oA =Y J& Fadol A AxE  al, 2002). A A2 WS A oA MRS &
a1 Qleh(Park et al., 2010). v|AF, 3, 425 2 o Hg 8= Sk 9loH, o| 2 Qs B2 X
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Ho|A] o] H2 &, & & (snowmelt)o] oJ5f 5
A B skl oEstn glom goz g4lo] %
/4L BL o F24S 7HAAl 2 Ao|th(Lee et
al,, 2012a). IPCC 43} H.3140]) eJaba Sejutalr) 4
3t BolAlo} AR L FF 10097 AL 7] 20] %
718 A0 R ditEm AZH | 7|35 A
Z7I=2 o]oj&A Ao 7 o| &5 3 §Jr}(Christensen et
al., 2007). 7| 274502 g AZH Y Ao 5
7he A= A} AR ol A= AT STt
£ ou|stH o] = Qs ASHe| &Rl w9 o] F
7¥ste] w0l Zof |5tz M FESHAY FEEH= EY
Fol F7HE 4= A= 7HsAdol EorAAl |t wet
A, 549 Ast D A 4o gt FaFel gt &
T oL 71$HEY A S71staL Uk(Lee
and Ko, 2011, Lee et al., 2010a).

ExoA B9 23 Y& 34 (tracing) 57| 23]
A BIPRE AL 71 oA 257 tracen
2 A=A ti{Worden et al.,, 2007; Feng et al.,, 2009;
Lee et al., 2010a). Eo] A2 ThE A|(system) & o153}
£ 73 9550 g7]9] 41 <3l atmospheric mois-
ture cycling), 4 Hevapotranspiration), A5} &
A (groundwater recharge), & (runoff) 51+ Zo]
Ex8a #AE 774 (process) & AFHe ] EF
A5 ¥A47} wo] ARE-E|o] LIt (Worden et al., 2007;
Jo et al., 2010; Lee et al., 2011, 2013). g o] x|}
2 308k A7) 9 ke Tjofsl] Platel WEH o=
F29| S F LT ANGH o] Yk(Taylor et al,,
2001). - P4EE 2] (isotopic hydrograph sep-
aration)& ©]-8-5tof g4 o] 3} (stream) o] B 2]=
AL AP Helg ART o, §4S N
< E(new water)” I} X|3}5 “ 2 #H &E(old wa-
ter)” 9] = RS2 LpEri(Lee et al, 2014). o] &+
D Bo] obyEells 7he] A0S ol gate] YR
20| YA A1Est0] 247} alale] Anjeka 7] ofs)
= 7= 24T 4= K (Taylor et al., 2001). =2
291 §40] AHF AL 2L A2 A ofele
o2 QIs) WA 2 I go] Ae] YAt 744
o T SERENE Sk 2zo] 022 §4
] H4E 9191 ol Al7bo] Aol T} s}t 9l
2= oz A5 F9l B Fon o= % 7
2R Y 27 AEs] )leol Hal Eick(Taylor
et al., 2001; Lee et al., 2010a, 2012b, 2014). o]t

Lo

2318 Zol7] HalA] §49] SHF AL sl
gt A7} A B 18 olA KI5l SIcHTaylor
et al., 2001; Unnikrishna et al., 2002; Lee et al., 2012a,
2012b).

SHH, Bl 8k2 o] (ice core) & ©]-§3t 17| % H-9]
A ATLE FHOR FYIHE A=HT g
o A4 82N R U G RE FH0R BIHE
sz, FR0)2, lFULEE o] gato] 279
of 347 87 W 7| 3818je] chstol A Folck. oS
Sol, BAHEHULE ol galo] WalTo] AR
Aol 7 S ot} A AL B 4 glov,
71, 2] W, wigra, SRl o 5% 7]
E¢ 9 7|50 T HeES 59 4+ A
(Masson-Delmotte et al., 2008). £3|, W3}Z o=
2E 7712 7188 Belahs IS 3HY Aol
7|15 HILE o|sfish= Hlofl 71 S8t Yol what
A B E Y A o= Qs 2 5840l
B8 o B2+=] 1 QITk(Steig et al.,, 1998). A|5X] |
He) 74 B 7-0] B Slelast 7] ebe] Al
BAE 3 5, Woh1010) PIFIULE Bl
A 9] 7|28 EU5k= T 4= I th(Steen-Larsen et
al, 2011). S, BPHFAULE ol §atel 37
o] 71 &g Bea7] PN A7 AR EE A
oA 9] 2o OATt ESHYF ATt Htst
ofof gitt= 71 o] HA| =l o glojoF ghtt(Taylor et
al., 2001). £ HAE HIMA]7]= Hdlo] o]
gt A o]Qof thE & A Bo] ZF A H
o EE 7|29 £ o] ot

weba, 49 T e B 4o7l+=
Ll gt o] F st WatALAl = ¢H
FTHEAE 7|20]Q)of MztA] 7= Al gk
T7F E3F Fasirh o] =RoA= w2 549 ¢
FedasE H3A 7= dlER e A+ 2
s ek 22 afe] 2 S AR A
of thsto] &7fskarA} giet. o] & fJsiA] th el
Al WstaTel e Yol i 49 ¢
LT} olH L sh=A]of tis & 2
ew 3o A= 244 w2 §49 S
Hao] HES Ast= S8 Ao st
7|1& A5 AASHAT R A= FE =
WollA A5 Hagstofof sh= wgkol thste] A
Alstgitt.




2. Yol U sREaY

2.1 YsIF0Me = AESARAL

o Aol A AFSATL HatAFolA =35
e G s Sasit) 1A, EHEH
HaF o]-gste] Yoo AtE 4T 4= Ut s
2= E= 7|29 Wil e eas HIkE
Ao 7A Hol FA A Aol Wel= = A5
of| Wel= =2 PE- 91 ghel Aol & dorA =
H AA A Q] ¥5(seasonal variation)& X o|A| F|iL
o}5 o] g3l ALY AGH ASS TE S A H
tHKuramoto et al., 2011). 3L o]23 AE A HF
o] =} Wslol| A A& HHEE| B R o]t EAE o]
&5to] =t Wohe] S 19 9= 288 4= 3l
t}. o]t & Fske Wil MY
Zr(radiogenic isotope)S o183 4= 1 A Ho]
RIHSHA Yolut® 1963d-E A Aok WAV &9
2 9 {5} oA WA E= 7152 085t
B AdiEE 2838 4= Jok(Gabrieli et al., 2011).

FSA Gl A W] AESAY BE] B &
A} 7155 A B A e Fat 9
Zoll shtolth. WstzolE o] &3t HAY 7| 2%
Yot A2 oA datt AAH 5719 24
Rof| A 9] =2t O3t 37| F P49 3t
O3t Aoltt. wtA|, 7120 %<& o= A9
A48 gho] &3l W2 7]20] W2 djofl= &9
A9 gho] YA "oh(“2= 8 1}, temperature ef-
fect”). TR, SA|H St7F ZA oA Al 53 W5t
& o] &sto] EFFHALE EAFHH A
9] 7123} B Eo] a2 WAE A BAE 5= 3
o] @A W2 A7t XY Folth(Comiso et al,
2011). &, 5=, s|EEoks F=AA Al
Watzojo A= P dart dug s
= AASt] A Y & Thas A 2 2 YEhl 7]
= 3ty (Thompson et al., 2000). F5HL4hE= 7
Fego] ¥h|Eshs Ao] A=RYE FHOE 4
A Q= (" -=FE T, amount effect”), 445
2:9] gho] =2 A7|ol= Zake] A& Al7]o|H
FTHELY gl W "= Aol B2 AVIE
L3tk (Dansgaard, 1964).

oleigt A7 FuY] LYEL BUYEYY
27F oA Aae E A Q1 I ol ofsfATt st

HESIUL| HE-2|8 673

ZhAETHE 7S setel] 3 9ok weA, of
23t =72 <l gl 9lof v I o] s =
e 2 A 72 9RE T 4 Ho
k. g Sol, & Ei Watolg ol4stel T4
9 7|12& Bddhs B, ol 2 B Al
2 A2A5he A LN 4] SYE UL 712
ZHo| ABBAE T3 B olE HiEeR qo=
7125 B-Yste S w-Et}(Taylor ef al., 2001).
ol AT =3 Wkl HEEes
HE2 24 £3717H A== A9 7]tk <
3 E3H(fractionation)o] BHAYE|ojof Jlth= HA|
Z70] v £ o S FHEA9 A
$ B A olA] o] o] 0] £ F F71E HAlo
Uz|e}t 7202 8 o] 5= IS A B
5 qlon] U=l ¢ S2 At <
WA= B-F(melting)e] B = o] QJck(Taylor et
al.,, 2001). 0] 2 & B E= o] 23 dH 9 Ay
(post depositional process)e]l 2J8iA = SHE59
Aol gre gee) gold BoEe A S 0
o glom ol2dt AEL o] FF(pore space)o
U= EY EAE Q3 582 4= th(Taylor et al.,
2001). ol% = HHFAHELEY MES o=
AL w0] ot & Ee B ol EAhH= &
9] FHHEA nEES(isotopic exchange between
liquid water and ice)]] 23} BRI =|A| Fc}.

22 TEELHUAM SH HESIL

¥ AE R H(Isotopic hydrograph sep-
aration)2 AF}A] S 4=2] x| A eHalpine hydrogeology
= mountain hydrology) ol A =A4|of] “M22 &
(new water)” o] 50| AnitE FFE E 5 U=
Ao tht Y& F7IshE H Aol Ad 30
|zt A5F o= gol 0|85 <] gth(Hooper and
Shoemaker, 1986). 7|4, M=2& Eolzt, &
ot AR oA = F2 W 7| 2oz gt
0] HokA A7]= §-d(snowmelt)& 2|u|E}H,
w9 EFLE 8 AAY vz 9% F= A
o] otk A&Fof Aol it ol Aol | =
o] A ZobA Al G F= Aol M
2 EAolt). o] & Q3 =7 IS A= &4
3] 2 EIAEEA Y HIHE 282 Frh(Lee
et al., 2010a; Lee and Ko, 2011).
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7|1EH o2 w2 oA 9 MF] 2A Y&t
2 o Aol vl AtetrAlE 713 Heket 7|
Slof| o 773tk (Lee and Ko, 2011). A&Ho|
ol 91 o] Hol HwA A% 723t At
o} EAH Z](incoming solar radiation)o] 2]3f
1= THo] AU A1E FHato] 2] o| = (freezing
point) AUA =W 7] Al&3gt(Lee and Ko,
2011). whebd], SR oA L] =3} tf7|she]
o] 2| m8Kenergy exchange) Tgol| A H3l7| A7)
Al HohA AtetpA| o] £ 8 JA| IS LA
2ic. ofeft o) 21, AelAlo] gt Talo) 7]
A 9 7)isle} Belsto] 22 S718HT Ych(Lee
et al., 2010a). 53], AtetAof| 2A| oEdh= B2
A <ol A 120l 28] FFhe AJsieet she] Bl
oz} o] 717ket 5 ol itk Lee ef al, 2010a).

ATHo2= 2L 22 ALH & Q=
1eo] AJ3h4sh n] wBto] Avk} 7|ofahs 74E 2]
o3 Ak 3001 ¥7h SR EE] WL Faqstod, A5
7} 3E e 50% 01 71 gttt At Azt ol i
FE QK Taylor et al., 2002). wehA], B2 =0l
57| A& 542 AskE SR A = 2
B2 Aol S0 o] Sab Bk Tdem 4
BRI AIE o|5)5te] gk (Gremillion et al.,
2000). o]2fat olaE SaHE F2 H[ukg 2T
(conservative tracer) S &-g3h=d)|, &9 A+
A Bt E2YUA(6D and §°0)2 AMg-8te ¢
o} e E &2 Asketd T A e aE A YAt
ok s, A2e B9 £ dEdas
2129 (snowpack) Q] Btz o]- 88t thTaylor
etal., 2001). o] off, = F D29 gL Zo|7 & A
= o]-&sto] 59 M FHHaHTo] Lojd
5 RS Bl 4 glrk 200040 o] 22 T &
woue] B9iele wWEo] ule: Auf o] Ala] §
o] 59194 gre] MEE Arhe 2L ANFRA
Aegule] BFZE & U] SEEYIN 237
w4 9leke Aol 231 5] A1%ahgirTaylor
et al., 2001; Lee et al., 2014). o] 3t L= Al
9| FHHF A §HY Y4 HE
71015k= Ao 2 ¥ 11 F{th(Feng ef al., 2002). wh
2hA], §A 9] FHPAHETE Yoy A HiE
A7} A4 AT gon ThE Ao HE HE
e 7R A7) st gk

3. 84Ol oIYEALHS
A 1= = B, 49 YT A
Foll it ol 3 712 B % A= Bol 3

2 275k o AelAlE oleid $-49) £
Ak WEol e ATATRE BYEA, S5,
29 278 v 2 248 Roltt,

3.1 SM9| HESARABS st el
9] AF A2l A= Herrmann ef al. (1981)
o Ao 2 A=t FHHagto]l 44
3+ A2 F(isotopic homogeneous snowpack)<
o] g3te] AYEFAH(column melting experi-
ment)Z 55t §49] F9¥4 ghol Alte] whk
ofgA Wsh= A& At Y T
2 (D) A=9-9o] Hotgho] 20%, HEo 2t
o] Hol:= A& Bt HE ol ofy %
A= B3l 529 P T HIETE Fo] Hof 157 Al
ZtsPAX o EA| ¥EE o] g= R AJXSHtH Taylor
et al., 2001; Feng et al., 2002; Lee et al., 2010a).
Hooper and Shoemaker (1986) 2] Aol A= A
S F) AN AT AR SLENULHE
o] LAl ZH$-oll= 30% F= Ao Fo| =
o] H|7} 2= A9 (rain-on-snow) o= 60% A= 2}
o]7} IS B3ttt Taylor et al. (2001)2] A+
A= EFEATY, §5AY, mds ANE H|ws)
49 FHHAHT2 = HHA A FA o] LAY
SHA HH & & Wel7HAA & B 930 A&
22l T YA B (isotopic exchange between
liquid water and ice)o]] &34 TAYE A == A
ik o}20) AdE Aol LA Aol 5
LTS Ao o) BE TAo] BeLS
of Foiahz Zo] et BEH 0 2 Polgiths AL
S5 th(Feng et al., 2002; Taylor et al., 2002).
Lee et al. (2009)9] Aol A= 54T & Abol 9]
ghkgo) doly 1 459 P40l LT
o mekgAST} AR thax) errke A
FUSGATE A B ] PEUL A
FTA (linear relationship)E AFstd 83 4
£ 42 4 &=, Lee et al. (2010a)0| A= A2
w29, §4 FHYRY AFUAE A

oot mo B~ K

Flo



Aw2UT} g0l 2

Toto] 2 oA 2 E AR FHE Aol
HEIHA AFA Y] 712717 SAZ S E A
Btk 28 29 P EdaghS 19 13} ol
A7 A =41 (Global Meteoric Water Line, GMWL)
I} Zro] 7187171 881 Al A el EA = R|T, o ed
wERkg0 2 ola) AFTA] 718717} 63 (195/3.1)
A== st "k 1959318 242k a9t A
20] ZUAH G Ao tHO' Neil, 1968). W |
she] ATolA Eolie] HATAYF STk 2
O 5o AtolA e AES sk, w0l
Lot Ak 525k A Holl A= S o] 99f 7]
2715 W37 SEF Helo] sodandt
H-3-ol %= Ack

0] FHA m= STt F71H 5 = &
ol 4] F=(pore space)& B2 Y £k JA| F
7VsHA| Hrt. o|23t A, LAY At wek
T2 T 5= = AlRto] o1& Hol 889 &
A 2 FHAA Y =9 gt 2pol7} Wol U
A GA "t SHAIT, &= &l B9 £E7F o
SA =, AL =o] =5 HFEE= ARt
o] ZoJX|A| EHA AR 2 IAF} wEk-g
2 A&EFH o2 3o FHUAHF (isotopic equili-
brium) & 0|27 Fek. o] TAAT AR 5
HALHHAZa,,) 2] Ao 0T ol 5220] 7
©-19.5%, Ak2:0] 749-3.1%, 0| O Neil, 1968). ut
2, 510] Aol = ERlo] Fahe ofui
o wge] 4717 Hug, §49 FUse WE

.

’,
’, ~
" slope ~ 6.3

3D
N

8% 0
Fig. 1. A linear relationship of isotopes for global mete-
oric water line (GMWL, grey solid) and snowmelt
(black dotted).
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= dUWHF(diurnal or diel variation)o] YER}A|
Hth(Lee et al., 2010b).

T A= Eo] 52 FZ(flow path or
channel) 2 2to]= A3} P & o] QAT AFH A
o] 9lom(mobile), T2t H& AZFAo] = A
o] gJt}(immobile, van Genuchten and Wierenga,
1976). =9 o]t ST A1 SH L2 s) §49
WEYAse] WENE AL A Hrh. im-
mobile water= THAF] =1} X|4A ¢ T9|UL
WSO 2 Q3] FoUA ghol MAVY T B
o|FA Hth. & oA 29 £=7F F7I6H HaL
T=7Ee] AAA o] A A immobile water2} mobile
water7} TFA| Ethd et Az O &
7] E3H(mixing)o] YojutA Eo F¢e4 ghol
W37} A7) A Ech(Lee et al., 2010b). 0|23 AL
The Ao 2d Aol A & B AA3] o-& Aol
32 M9 HHEAAA 2E

|29 HF LTl gt 2E2 Blason
(1972)°] o3 Aoz AU &4 olF
(solute transport)& Agsl= 7/IdS IHE 59
zo|Fol 2g3t maolth. o] F Taylor et al
(2001)= ol4o| B3} AV o] hg3t o B
2oz kg Aolghs 7Hyste] ZdE Ak

RAIAISFATHA 1-4)

o, o,

e (R o) o

e — 41— (ofy R, @
bf

— o

v= kZ @)

u

7)1 4 Ry D Riee’= 242 o4t T Aol 4 2]
D/H E= *0/"02] v]¢-& Yehfn ak 0Co]
HO| Sds Bl Abao] PP oA ] REARS
Urehdich. B adeoll A fa 2 Abko] Bzt
Z¥z7} 3.1%0 2} 19.5% ©1thO'Neil, 1968). ¥ =
TARR] dgo] B YA TESo| Jupr
ofat 712 A o2 Uehd Fojm W g B
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A5 U4 &= A4 (dimensionless rate constant
of isotopic exchange)olt}t. 7]&2] REAE= &=
EE 929 A AFofA TP ERESo] Hoi
et a 7HY 8 A9, Taylor et al. (2001)2] Ao
A 78 ol g3lo] EH UL TG0 Mo
dold Aolztar 7Pttt of7]oAl k2 5914
a&EAlpoln, Ze 229 w9 ZololH, us &
) Smolch a2 biz 77} whgiiale] ol Sl
E3 439 AvkS Uehdth

4 1614 48 0] 8510] WHAE $24 0.2 nu-
merically) 27 EH 27]ZA(initial condition)e]|
we} 27 23} e TS QA Hek. 99 vl
g FAFoR AXlskE YL Feng et al
(2001) o1l ZkAI3] A= o] St o] =E o] 7 g2 Q]
Tge 19 3ol ANBkT §40] o2 B2
A& B 9o Y nRES-S SHARE U
Z otfiZ &8 WA getha 7Pt A
Suo] 27] S9Re 2AL 17 23 Zo| F 714
7} 7Fs e, Ak wyjof 25k &9 HEFH
A e 2ac Qa3 v oo o}m) FHAshoLk
of wet A9 FEjrt gk A "ok A MAe &
e guyo] o] £3} Agulo] Fojelaglol
gk 7Hgske 73‘?‘01‘1](51)@: 5Dh'qm‘d)/ T+ A
£ Ao] B9flatoz YL o1 Yrn
7H88te AOItH(0D,= 0.0 Dyigia)- T 785 7 Al
7ho] ALhEA A2 g4 ] E9I94 gho] Brfels

6Di¢e=u5D,iqu,, or
618oice=‘7~51soliquid N

3D or 5'*0

Average isotopic
compositions of
snowmelt

8D;¢;=0D) g4 OF
81%0;¢,=5""0)quia

s "
0 0.2 0.4 0.6 0.8 1
F (Fraction of Melt)

Fig. 2. Schematic diagram of isotopic evolution of
meltwater. a,, represents a fractionation factor between

liquid and ice.

Aoll= Aol o] AT F WA Lol EX
TA o] FHUAE wINES-S AFEl| g2 &
o] S99agtol B HasiTzl thAl S71ehs 7
B2 Hof Zoh A 9 B 245 o9 A A5t
L 7hol wfet = 27|27 et A 4 Sitk(Taylor
et al., 2001; Feng et al., 2002). &= Zof Eo| £A)3}
A ot FHA oA &8l wo] =of §40]
agehe 3 ) A90] A 4 glom, k5o
Eo| EA5te] AT F3o] FHEaH o2 HFPA
ghol glom £ v Aol s 4 ek

Feng et al. (2002)0|A= o] mEl& o] &3t vizte
ELX|(sensitivity analysis)S 531 §49] FE5H
HaWFo] v|X|= QAE] o BA WS F= A A
AlBIAet. 3 Taylor ef al. (2002)9)l41= o|=gt
FES At A E5AHAS v G EY F
AL E=ARE7} 014014 0.17hr 2t A|ATSHGE
ol Al e B 4-2jotall o] st
tha 71481 A1TE Lee ef al. (2010b)o]A1= o] e
Lol &SR] FBHH 4=25hAQl 2go] v
e g ZE-S AAERTH 4] 5-12).

Sl BCm w
8(1”0) = 3% sD-,” )* %(USCmH m(qm* Ca) ©)
(4-¢,) Cice G

< . Cn
T ’“"V’"(A—c A- m)

ice

9 e O
R s = w IO
L1 "

f
=
f
SRR EEN
L2 12

Fig. 3. Conceptual diagrams of liquid (L) - ice (I) ex-
change model used in Feng et al. (2002). x represents
the water does not flow.



2C,, (A-C.) Cim v

e _ 21 lk,(l Vi) | @4 qm’A—G.u)] @
N (A‘f L P Ly AE'C )]

_bfy
Y an,t+ bfy (8)

bfs

Yim G ¥ bf, ¥
a,= ¢(1— 5;)5p, (10)
Qi ¢Sapw (11)
b=(1—¢)pye 12

oJ7|o) A SE FEESIE (effective water satu-
ration), S;= © o4 &Y 4 §lE =(irreducible
water), ¢= F=E, Cu, Cin Y Cie= Z1Z} mobile
water, immobile water @ ¢1-&-90] 0 £ D= =
= (F9Rug FPo|tk. A= H,°0 (HDO)%}
H,"0 (H,0)¢] Ex1]E 0 (D)9] =2 wigh
Al4(Z220/18, 19/18)o|t}(Lee et al., 2010a; Lee,
2012a). 18} o= 22 mobile water®} immobile
water?} WA HH2SH= 4-29] vlgoly 13
2 13} olof shul(fi+<1), o TR B
o] £ & T2 =0 grivkE H2Aol 24
ofl ©J8) 2HF BoIk ¥ a,, 0,7} b 22t )
H 1] 9] Fof 9)= mobile water, immobile water 2
A= AFS Yehdith p, ® p= 44 =4 4
go) UEg ehiick 9 fiof £ AWM 5

M1 &~ M1
" o :.'?
<= ’

f1

R
R

<=

f2

12

M2 (=) IM2

Fig. 4. Conceptual diagrams of three component (M:
mobile water; IM: immobile water and I: ice) model in-
corporating mobile and immobile water suggested by
Lee et al. (2010b). x represents the water does not flow.
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= Utk(Feng et al., 2002; Lee, 2012a). w+= mobile
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A8 Lee (2012) 0] A|A| = o] ok ~2f3HAQl 27
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A gt mdo] gt BA =5 19 4of A5t
S tt(Lee et al., 2010b). Lee et al. (2010b)AA = =
o] H]7} Y& wf(rain-on-snow experiment)}
U Y H-5(diel variation) i Z-2 42|82 ¢l 271 0]
A&H 02 Wtz HE TH 404 AXE =2d
2 o] g3t A3}t £35|, immobile water”}
FHHanebgof Fa3h JTS vk AE 1Y
dt= STEsksich
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AN71E T A FH(perturbation)< BHA| = H A
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o] drAlE A o &2 A3l QlrtHTheakstone, 2008).
EREEO AEE| 7] 0] F7VeHA =W Arojof &
0] o} AAdF oz FHE|o] thE Fof A5t
W2 7tok & Ako] B = o] FsHA EHH FE QL
A7 A A} obA7R = B AR 1
FolA % oDA HIER] BUE Pt TA 0]
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= AAoJtH(El-Kadi et al., 2014; Park et al., 2014).
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